Caspases existing as zymogens inside the cell act as key players in initiation and execution of apoptosis, after their activation by proteolysis. Death signals induced by anticancer drugs are transmitted from the mitochondria to downstream executioner caspases such as caspase-3, -7 and -6 and it is believed that cells succumb to death due to cleavage of several substrate proteins by activated forms of these executioner caspases.^[@bib1],\ [@bib2]^ However, a subset of cancers are not responsive to anticancer drugs owing to defective apoptotic machinery.^[@bib3],\ [@bib4]^ In general, drug-resistant cancer cells show defects in apoptosis upstream of caspase activation, at the level of mitochondrial membrane permeabilization.^[@bib5]^ Hence, identification of small-molecular compounds that can directly activate procaspase-3 downstream of mitochondria is a promising avenue for targeting clinical drug-resistance.^[@bib6],\ [@bib7]^

Procaspase-activating compound-1 (PAC-1) is the first small compound reported to convert procaspase-3 to active caspase-3, *in vitro*, by chelating inhibitory zinc ions from procaspase-3, thereby inducing effective cell death in tumor cells as well as mouse xenograft models.^[@bib8],\ [@bib9]^ This compound recently received increased attention because of its selective activity on cancer cells and promising antitumor activity in the canine lymphoma model.^[@bib10]^ Our recent report, where in which we have used several experimental cellular model systems to define direct caspase activation, demonstrated that PAC-1 essentially requires cytochrome *c* (cyt. *c*) release from the mitochondria and Apaf-1 to induce caspase activation.^[@bib11]^ Moreover, the study identified the potential activity of PAC-1 in triggering cyt. *c* release in a Bax/Bak-independent manner and in bypassing drug-resistance mediated by Bcl-2 family proteins. *In vivo* antitumor activity as well as bio-availability studies place PAC-1 as a strong candidate antitumor agent; furthermore, preclinical studies of PAC-1 derivatives are ongoing in other tumor models.^[@bib10],\ [@bib12]^ Despite their promising antitumor activity, cell death mechanism and important cellular targets of these compounds in cancer cells are yet to be identified.

In this report, we have delineated the cell death mechanism induced by PAC-1. The study suggests that, PAC-1-induced mitochondrial permeabilization is mediated through mitochondrial calcium overload and mitochondrial reactive oxygen species (ROS), assisted by endoplasmic reticulum (ER) oxidoreductin-1 alpha (Ero1*α*)-dependent calcium release from the ER. Our study also revealed p53-independent upregulation of p53 upregulated modulator of apoptosis (PUMA) that assists mitochondrial permeabilization and acts as a molecular link between ER and mitochondria during cell death.

Results
=======

PAC-1 induces apoptotic cell death, G1 arrest and autophagy in multiple cancer cell lines even in the absence of caspase-3
--------------------------------------------------------------------------------------------------------------------------

Multiple cancer cell lines were used to study apoptosis and cell cycle arrest induced by PAC-1. Chromatin condensation and propidium iodide (PI) staining data ([Figure 1a](#fig1){ref-type="fig"} and [Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}) indicate that SKOV3, U2OS and ADR-RES cells are relatively resistant to PAC-1 than other cell types used. Consistent with our previous report, MCF7 cells remained sensitive to PAC-1 in comparison with other cell types, despite being deficient for caspase-3.^[@bib11]^ Significant annexin V binding was noticed in MCF7 cells and re-expression of caspase-3 in MCF7 cells enhanced apoptosis ([Figures 1b and c](#fig1){ref-type="fig"}). Analysis of cell cycle at early time point (12 h) indicates that PAC-1 treatment induced G~1~ arrest before triggering cell death ([Figure 1d](#fig1){ref-type="fig"}). The most common signaling that contributes to cell cycle arrest and cell death is DNA damage response.^[@bib13]^ Therefore, we examined whether PAC-1 induces DNA damage, using phospho-H2AX as DNA damage indicator, in HeLa cell line ([Figure 1e](#fig1){ref-type="fig"}). PAC-1 treatment failed to induce DNA damage response in HeLa cells, which suggests that PAC-1 induces cell death not by directly damaging DNA. In order to analyze whether PAC-1 induces autophagy, another form of cell death, we studied autophagy marker microtubule-associated protein 1A/1B-light chain 3 (LC3B) expression both in the presence and absence of caspase-3 due to its association with autophagic vesicles.^[@bib14]^ Interestingly, aggregation of LC3 was observed in both cell lines ([Figure 1f](#fig1){ref-type="fig"}) upon PAC-1 treatment. Furthermore, the conversion of LC3-I and LC3-II was also observed in western blot ([Figure 1g](#fig1){ref-type="fig"}). Time-lapse imaging employing MCF7 cells expressing EGFP-LC3 showed time-dependent LC3 aggregation associated with autophagosome formation ([Supplementary Video S1](#sup1){ref-type="supplementary-material"}). PAC-1 also induced autophagy in mouse embrogenic fibroblast (MEF) Bax/Bak double knockout (DKO) cells ([Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}). Even though the results substantiated existence of autophagy in PAC-1-treated cells, it is unclear whether cells use this 'self digestion\' as a means of survival or death. However, autophagy inhibition could not inhibit PAC-1-induced cell death but enhanced it ([Figure 1h](#fig1){ref-type="fig"}), indicating that PAC-1-mediated autophagy is a stress adaptation and does not contribute to cell death.

Induction of UPR and ER stress-regulated proteins in cancer cell lines as well as MEF Apaf-1 KO and Bax/Bak DKO cell lines
--------------------------------------------------------------------------------------------------------------------------

Chemotherapy-induced apoptosis is orchestrated by the engagement of multiple pro-apoptotic and anti-apoptotic survival proteins. However, western blot analysis of key proteins indicated no variation in expression of Bcl-2, Bak, Bax, XIAP, Hsp90, Hsp27 and Hsp70 in PAC-1-treated cells against untreated cells ([Figure 2a](#fig2){ref-type="fig"}). Surprisingly, upregulation of ER-chaperons GRP78 and 94 was noticed in both MCF7 and MCF7C3 cells, indicating induction of unfolded protein response (UPR) that occurs in response to ER stress. To further characterize ER stress, various regulators of ER stress such as p-eIF2*α*, CHOP, inositol requiring kinase *α* (IRE1*α*), Ero1*α* and calnexin were analyzed by western blot ([Figure 2b](#fig2){ref-type="fig"}). PAC-1 treatment induced upregulation of CHOP, p-eIF2*α*, IRE1*α* and Ero1*α*, supporting its ability to trigger ER stress independent of caspase-3. GRP78 was upregulated in multiple cancer cell lines upon PAC-1 treatment ([Figure 2c](#fig2){ref-type="fig"}), including PAC-1-resistant cells such as SKOV3 and U2OS. Upregulation of GRP78 was also noticed in Bak/Bax DKO cells and Apaf-1-knockout (KO) cells ([Figures 2e and f](#fig2){ref-type="fig"}). Upon accumulation of misfolded proteins in ER, BiP/GRP78 gets released and allows oligomerization of IRE1*α* and protein kinase-like ER kinase (PERK), activating both. Activated IRE1*α* disposes an intrinsic endoribonuclease activity that mediates the unconventional splicing of X-box-binding protein 1 (XBP1) mRNA.^[@bib15]^ Splicing of XBP1 mRNA was noticed in all cells after PAC-1 treatment, including Apaf-1- and Bax/Bak-deficient cells ([Figures 2d--f](#fig2){ref-type="fig"}). Apaf-1 deficiency prevented PAC-1-mediated cell death but not XBP1 splicing, substantiating the requirement of Apaf-1 in ER stress-mediated apoptosis.

GRP78-silencing enhances and cycloheximide treatment reduces PAC-1-mediated cell death
--------------------------------------------------------------------------------------

Proper folding, maturation and stabilization of nascent proteins in ER are assisted and monitored by several resident chaperons such as GRP78 and GRP94. During UPR, these chaperons get upregulated as a survival mechanism to recover cells from ER stress. It was previously reported that silencing of GRP78 sensitizes cells to ER stress-mediated apoptosis.^[@bib16],\ [@bib17]^ Therefore, cell death was analyzed in GRP78-silenced MCF7 and HeLa cells by PI staining using flow cytometry ([Figures 3a and b](#fig3){ref-type="fig"}). As shown, PAC-1 induced more cell death in GRP78-silenced cells. Inhibition of protein translation with cycloheximide (2 *μ*g/ml) can ameliorate effects of ER stress by decreasing protein burden on ER and can reduce ER stress-mediated apoptosis.^[@bib15]^ Therefore, MCF7 and HeLa cells expressing caspase-cleavable, specific fluorescence resonance energy transfer (FRET) probe, CFP-DEVD-YFP, were treated with PAC-1 in the presence and absence of cycloheximide. As shown in [Figure 3c](#fig3){ref-type="fig"}, cycloheximide treatment reduced number of cells with caspase activation compared with PAC-1 treatment alone. Furthermore, we evaluated cell death in PAC-1-sensitive HCT116 and MCF7 cells both with and without cycloheximide treatment by PI staining and clonogenicity assay ([Figures 3d and e](#fig3){ref-type="fig"}), which again substantiated the reduction in cell death upon cycloheximide pretreatment. The results described above imply that PAC-1 induces ER stress-mediated apoptosis, which can be reduced by ER stress inhibitors.

Anti-apoptotic Bcl-2 family proteins exert their anti-apoptotic activity by inhibiting the release of cyt. *c* from the mitochondria irrespective of its spatial localization at ER or mitochondria.^[@bib18]^ We have previously reported that PAC-1 can bypass Bcl-2 and Bcl-xL-mediated drug-resistance.^[@bib11]^ However, several studies propose that ER-associated Bcl-2 protein is capable of inhibiting apoptosis induced specifically by ER stress-inducing agents such as thapsigargin and tunicamycin.^[@bib19],\ [@bib20]^ Therefore, we generated MCF7C3 cells transfected stably with Bcl-2Cb5-EGFP plasmid ([Supplementary Figure S2a](#sup1){ref-type="supplementary-material"}). Evaluation of cell death by nuclear condensation suggested that ER-targeted Bcl-2 inhibited nuclear condensation significantly upon PAC-1 treatment ([Supplementary Figure S2b](#sup1){ref-type="supplementary-material"}). It also delayed cyt. *c* release and caspase activation ([Supplementary Figures S2c--e](#sup1){ref-type="supplementary-material"}). These results hint that Bcl-2 associated with ER can confer resistance against PAC-1-mediated apoptosis, which proceeds via the mitochondria as reported in our previous report.^[@bib21]^

PUMA-mediated mitochondrial permeabilization links ER stress and mitochondrial death signaling
----------------------------------------------------------------------------------------------

Tumor-suppressor p53 has major role in coordinating multiple cellular processes such as cell cycle, apoptosis and ER stress-mediated apoptosis by induction of pro-apoptotic Bcl-2 family proteins PUMA and NOXA.^[@bib15],\ [@bib22]^ To unravel the importance of p53 in PAC-1-induced cell death, the status of p53 was evaluated in multiple cancer cell lines after PAC-1 treatment, which proved its ability to upregulate p53 ([Figure 4a](#fig4){ref-type="fig"}). However, PAC-1 induced cell death even in p53 KO HCT116 cells, although it was partially suppressed than in its wild-type (WT) counterpart as concluded from nuclear condensation and clonogenicity assays ([Figures 4b and c](#fig4){ref-type="fig"}), signifying p53-independent death signaling. Mitochondrial permeabilization during cell death is primarily regulated by evolutionarily conserved Bcl-2 family proteins. Proteins of BH3-only subgroup of Bcl-2 family proteins such as PUMA, Bim and Bik are the key factors that transfer death signals from ER to mitochondria during ER stress.^[@bib23],\ [@bib24]^ Therefore, levels of these proteins were assessed in multiple cancer cell lines such as MCF7, SiHa and HCT116 after PAC-1 treatment ([Figure 4d](#fig4){ref-type="fig"}). Even though Bim and Bik levels varied in a cell-dependent manner after PAC-1 treatment, PUMA was found upregulated in all the cell lines consistently. PUMA is known to get transactivated by p53 during genotoxic stress.^[@bib25]^ PUMA is also activated by other transcription factors to initiate p53-independent apoptotic responses to nongenotoxic stimuli, including growth factor/cytokine deprivation, ER stress and ischemia/reperfusion.^[@bib25]^

As PAC-1 killed p53 KO cells in spite of its ability to upregulate p53 in multiple cancer cell lines, we studied the role of p53 in PUMA upregulation. Surprisingly, PUMA was highly upregulated even in the absence of p53 ([Figure 4d](#fig4){ref-type="fig"}), indicative of PAC-1-induced p53-independent upregulation of PUMA in various cancer cell lines, which seems to be the common molecular link between ER stress and mitochondrial apoptotic pathway. To further confirm the essential role of PUMA in mediating mitochondrial permeabilization and cyt. *c* release, MCF7 cells stably expressing cyt. *c*-EGFP were transfected with either shRNA against PUMA or control vector followed by PAC-1 treatment. Silencing of PUMA in cyt. *c*-EGFP-expressing cells reduced both cyt. *c* release and cell death induced by PAC-1 ([Figures 4e--g](#fig4){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}), confirming the crucial role of PUMA in mediating ER stress-dependent cell death by PAC-1.

Ero1*α*-mediated calcium flux from ER to mitochondria through engagement of MAM
-------------------------------------------------------------------------------

The results described so far suggest for a role of ER stress and PUMA-dependent mitochondrial permeabilization in PAC-1-induced cell death. ER is not only the major site for protein folding, maturation and stabilization, it also has a crucial role in calcium homeostasis.^[@bib26],\ [@bib27]^ Therefore, to dissect the role of Ca^2+^ in PAC-1-induced ER stress, HeLa cells were stably transfected with calcium sensor, D1ER cameleon, to detect ER calcium release.^[@bib28]^ PAC-1 triggered significant change in ECFP/EYFP ratio, representing the release of calcium from ER by PAC-1 ([Figure 5a](#fig5){ref-type="fig"}). Role for Bik and Bim in ER calcium release has been reported in multiple forms of ER stress-induced cell death.^[@bib29],\ [@bib30]^ However, the induction of Bik and Bim was not significant and consistent in PAC-1-treated cells, ruling out their role in mediating ER calcium release. Recent studies have implicated the role of CHOP and Ero1*α* in the regulation of ER calcium.^[@bib31],\ [@bib32]^ As these two proteins were highly upregulated in PAC-1-treated cells as described earlier, to confirm their role in ER calcium release, both Ero1*α* and CHOP were silenced in HeLa D1ER cells ([Figures 5b--d](#fig5){ref-type="fig"}). Silencing of Ero1*α* reduced ER calcium release, as reflected from lesser FRET-ratio change ([Figure 5c](#fig5){ref-type="fig"}) along with reduced cell death ([Figure 5d](#fig5){ref-type="fig"}) observed in Ero1*α*-silenced cells than in CHOP-silenced cells.

The above studies indicate that Ero1*α* is a critical component of ER calcium release and subsequent cell death by PAC-1. The increased cell death inhibition found in Ero1*α*-silenced cells than in CHOP-silenced cells suggests for an Ero1*α*-dependent dominant cell death signaling in PAC-1-treated cells. Therefore, the essential role of Ero1*α* in PAC-1-induced cell death was further analyzed in a panel of cancer cell lines. As shown in [Figure 5e](#fig5){ref-type="fig"}, an early induction of Ero1*α* was evident in all cells, even in p53 KO HCT116 cells and Bax/Bak DKO MEF cells. Ero1*α* is a key component of ER--mitochondrial membrane that is important for the ER--mitochondrial calcium signaling.^[@bib33],\ [@bib34],\ [@bib35]^ Ero1*α* upregulation may allow the formation of mitochondria-associated ER membrane (MAM), leading to mitochondrial calcium uptake resulting in mitochondrial permeabilization. So as to visualize MAM formation by PAC-1, we generated cells expressing EGFP targeted at ER and DsRed fluorescent protein targeted at mitochondria. Both high resolution microscopic images and confocal imaging revealed structural changes of both ER and mitochondria with occasional close association points, in PAC-1-treated cells compared with untreated cells ([Figure 5f](#fig5){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). As evident from microscopic images, PAC-1-treated cells showed more globular ER compared with the network structures in untreated cells, demonstrating that profound morphological change may assist MAM formation in PAC-1-treated cells. Overall, the results described above strongly suggest that PAC-1-induced Ero1*α*-upregulation culminates in ER calcium leakage specifically into the mitochondria through engagement of MAM.

ER hyper-oxidation leads to mitochondrial calcium uptake and mitochondrial ROS generation
-----------------------------------------------------------------------------------------

MAM-dependent calcium release from the ER primarily allows selective calcium uptake by mitochondria. Therefore, we analyzed mitochondrial calcium uptake in both HeLa and MEF Bax/Bak DKO cells using mitochondrial calcium indicator dye, Rhod-2, by flow cytometry, that showed a PAC-1-stimulated increased uptake of mitochondrial calcium ([Figure 6a](#fig6){ref-type="fig"}). Consistent with this, pretreatment of cells with either mitochondrial calcium uptake inhibitor Ru360 or BAPTA-AM prevented cell death induced by PAC-1 both in HeLa and MEF Bax/Bak DKO cells ([Figure 6b](#fig6){ref-type="fig"}). A possible mechanism of mitochondrial calcium overload-dependent mitochondrial permeabilization is through generation of mitochondrial ROS. To study the generation of mitochondrial ROS by PAC-1, HeLa cells were stably expressed with redox sensitive green fluorescent protein (GFP) targeted at the mitochondria, roGFP-Mito.^[@bib36]^ The change in excitation ratio at 405 and 488 nm reflects the oxidized or reduced state of the probe at the mitochondria. Ratio imaging by microscopy revealed an increase in 405/488 nm ratio in more than 32% of cells after 12 h of PAC-1 treatment, specifying oxidation of the probe ([Figure 6c](#fig6){ref-type="fig"}). As shown in [supplementary Figure S5](#sup1){ref-type="supplementary-material"}, 46% of cells showed increase in 405/488 nm ratio after PAC-1 treatment, substantiating the oxidation of roGFP-Mito as obvious from flow cytometry. DTT completely reduced the mitochondrial probe with a reduction in 405/488 nm ratio compared with untreated cells, indicating the functionality of the sensor. As Ero1*α* is capable of oxidizing ER lumen that culminates in ER calcium release, we suspected that PAC-1 may hyper-oxidize ER lumen that initiates ER calcium release. To generate evidence for the hyper-oxidation of ER by PAC-1, HeLa cells were transfected with redox sensitive GFP targeted at ER, roGFP2-iL-KDEL as described recently.^[@bib37]^ The ratio imaging as well as flow cytometry analysis revealed oxidation of roGFP targeted at the ER, demonstrating that ER luminal oxidation is indeed triggered by PAC-1, possibly through Ero1*α* ([Figure 6d](#fig6){ref-type="fig"} and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}).

Discussion
==========

Compounds that can bypass the anti-apoptotic function of Bcl-2/Bcl-xL and trigger mitochondrial cyt. *c* release independent of Bax/Bak may constitute a therapeutic goal against drug-resistant cancers.^[@bib3]^ In this approach, direct activation of executioner caspases remains as a promising strategy, as activated caspases can kill cells quickly irrespective of the expression of prominent anti-apoptotic proteins.^[@bib6],\ [@bib7]^ The first identified direct procaspase-3 activator (PAC-1), even though failed to activate caspases directly in cells, showed the capability to kill drug-resistant Bax/Bak-deficient cells as well as Bcl-2 overexpressing cancer cells as accounted in our previous report.^[@bib8],\ [@bib11]^ Moreover, promising bio-availability and *in vivo* antitumor activity establishes PAC-1 as a potential anticancer drug.^[@bib10]^ In this study, we report that PAC-1 triggers ER stress signaling subsequent to Ero1*α*-dependent ER luminal hyper-oxidation leading to calcium leakage with simultaneous induction of autophagy and mitochondria-mediated apoptosis. A recent limited microarray-analysis also implicated possible ER stress signaling in PAC-1-induced cell death.^[@bib38]^

The accumulation of unfolded proteins in ER represents a cellular stress induced by multiple stimuli as well as pathological conditions, which triggers evolutionarily conserved adaptive response termed UPR and leads to cell death if it is severe or protracted.^[@bib15]^ PAC-1 induced UPR in multiple cancer cell lines irrespective of caspase-3 status as indicated by early upregulation of ER-chaperons such as GRP78 and GRP94. When unfolded proteins accumulate in the ER, ER transmembrane sensors detect them to initiate three distinct UPR branches mediated by protein molecules such as PERK, IRE1*α* and transcription factor ATF6 to deal with accumulated unfolded proteins.^[@bib15]^ Phosphorylation of eIF2*α* and upregulation of CHOP was noticed in both MCF7 and MCF7C3 cells upon PAC-1 treatment, suggestive of the activation of PERK and ATF4/ATF6 branches of UPR signaling. IRE1*α* is the most fundamental of ER stress sensors, which is conserved in all eukaryotic cells and activation of which elicits endoribonuclease activity that specifically cleaves mRNA encoding transcriptional factor XBP1.^[@bib15],\ [@bib22]^ Consistent with this, unconventional splicing of XBP1 was observed in several cancer cell lines upon PAC-1 treatment. Moreover, PAC-1 induced GRP78 upregulation and XBP1 splicing in Bax/Bak DKO and Apaf-1 KO cells. Interestingly, the absence of Apaf-1 inhibited PAC-1-mediated cell death but not UPR response, proving that PAC-1-mediated ER stress induction precedes the initiation of mitochondrial death signaling. Translational inhibitor cycloheximide and overexpression of ER-targeted Bcl-2 significantly reduced caspase activation and consequent cell death, indicating that PAC-1-induced ER stress transduces death signal from the ER to mitochondria that causes cyt. *c* release and subsequent caspase activation. Although PAC-1 induced autophagy, inhibition of autophagy enhanced cell death, suggesting it as an initial survival signaling in PAC-1-treated cells. UPR is tailored essentially to re-establish ER homeostasis also through adaptive mechanisms involving stimulation of autophagy.^[@bib39],\ [@bib40]^

The physical contact point between ER and mitochondria, which acts as a signaling hub, called MAM, is enriched with several proteins that allow integration of signaling between these two organelles. Ero1*α* induction by PAC-1 may allow formation of microdomains of calcium channels, leading to selective uptake of calcium into mitochondria through mitochondrial Ca^2+^ uniporter (MUC). This chronic leakage of calcium to mitochondria culminates in mitochondrial calcium overload as well as ER luminal calcium deficiency. Previous studies have shown that ER stress contributes to CHOP-dependent induction of Ero1*α*.^[@bib31]^ We have observed prolonged induction of Ero1*α* by PAC-1 in multiple cell types including p53 KO cells. We also observed CHOP induction in treated cells; however, silencing of Ero1*α* was more effective in reducing cell death and ER calcium release, pointing that induction of Ero1*α* by PAC-1 contributes to ER stress. Prolonged induction of Ero1*α* is able to oxidize ER lumen that may in turn enhance IP3-induced calcium release by disrupting the interaction between ERp44 and IP3R1.^[@bib41]^ Consistent with this, a recent study revealed that overexpression of hyper-active, mutant Ero1*α* leads to hyper-oxidation of ER oxidoreductase ERp57, leading to UPR without the induction of antioxidant response.^[@bib42]^ Our study also identified PUMA as a p53-independent regulator of mitochondrial permeabilization subsequent to Ero1*α*-mediated ER calcium release. BH3-only proteins such as Bim, Bik, Bid and PUMA have pivotal role in controlling apoptosis at the mitochondrial level by neutralizing anti-apoptotic Bcl-2 family proteins and activating pro-apoptotic Bax/Bak proteins.^[@bib43]^ Overexpression of transcriptional activator CHOP during ER stress leads to p53-independent upregulation of PUMA.^[@bib44]^ Therefore, it is likely that upregulation of both Ero1*α* at ER and PUMA at the mitochondria contributes to calcium leakage through MAM and both act as regulators of calcium leakage from ER to mitochondria. In accordance with this, we have noticed significant colocalization of Ero-1*α* and PUMA in PAC-1-treated cells (data not shown). Supporting the essential role of PUMA, silencing of PUMA reduced cyt. *c* release as well as apoptosis induced by PAC-1 in MCF7 cells. The ability of PAC-1 to induce MAM-dependent ER calcium leakage into the mitochondria, generating a calcium and ROS overload at the mitochondria, could drive PUMA-dependant mitochondrial permeabilization independent of Bax/Bak. In agreement with this model, mitochondrial calcium uptake inhibitor significantly reduced cell death in Bax/Bak DKO cells.

Even though experiments described here identified Ero1*α* as the key player of PAC-1-induced ER stress and subsequent cell death, further studies are required to understand how PAC-1 targets Ero1*α*. One of the potential functional targets identified for PAC-1 is its ability to chelate zinc, a metal necessary for the stability of diverse enzymes in ER lumen such as protein disulfide isomerase (PDI).^[@bib45]^ Ero1*α* oxidizes active-site cysteines of PDI, an enzyme critical for adding disulfide bonds into newly synthesized proteins. Because of its ability to maintain increased oxidizing equivalents, Ero1*α* activity must be regulated to prevent excessive build up of ROS as well as hyper-oxidizing conditions in ER. Chelation of zinc by PAC-1 appears to affect the activity of Ero1*α*-PDI axis, leading to hyper-oxidation of ER, calcium release and build up of misfolded proteins at the ER. Ero1*α*, being an integral partner of MAM may further allow immediate calcium uptake by mitochondria leading to mitochondrial permeabilization. Overall, the results described revealed critical signaling involving Ero1*α*-dependent ER luminal hyper-oxidation and ER calcium leakage into the mitochondria through engagement of MAM, in PAC-1-induced cell death. Further studies may reveal whether Ero1*α*-dependent ER luminal hyper-oxidation and mitochondrial calcium overload can be utilized as a possible target against cancer drug-resistance.

Materials and Methods
=====================

Cell lines and maintenance
--------------------------

MCF7, HeLa, SiHa, HCT116, SKOV3, U2OS, ADR-RES, T47D, MDAMB231, SW480 and HEK293 cells were maintained in DMEM containing 10% FBS in a humidified CO~2~ chamber at 37 °C. SV40-immoratalized MEF WT and its variants were maintained in DMEM containing 10% FBS and antibiotics.

Chemicals and reagents
----------------------

PAC-1 was purchased from Calbiochem (EMD Millipore, Billerica, MA, USA). The other drugs such as MG132, thapsigargin, cisplatin, 3-methyladenine and cycloheximide were obtained from Sigma-Aldrich (St. Louis, MO, USA). The antibodies against GRP78 (E-4), GRP94 (H-212), Bak (G-23), Hsp90 (H-114), p53 (FL-393) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against caspase-3, cleaved caspase-3, caspase-7 caspase-2, CHOP (L63F7), LC3B, XIAP, GFP, Bcl-2, p-eIF2*α* (Ser51), eIF2*α*, IRE1*α* (14C10), Ero1-L*α* and PUMA were obtained from Cell Signaling Technology (Beverly, MA, USA). Calnexin, Cyt. *c* 6H2.B4 and H2AX antibodies were purchased from BD Pharmingen (San Diego, CA, USA).

Expression vectors and generation of stable cell lines
------------------------------------------------------

pcDNA3 caspase-3 was transfected in MCF7 using lipofectamine-LTX (Invitrogen, Carlsbad, CA, USA) and maintained in 800 *μ*g/ml of G418 (Invitrogen). Single clones were selected for getting cell population with homogenous expression of caspase-3. Expression vectors for calcium sensor ratiometric FRET probe D1ER cameleon and Bcl-2 targeted at ER with cytochrome b5-targeting sequence (pcDNA3 Bcl-2Cb5-EGFP) were transfected into respective cells using lipofectamine. Cells expressing fluorophore were sorted out using FACS Aria II (BD Biosciences, Bedford, MA, USA). Cells expressing EGFP-LC3, cyt. *c*-EGFP and caspase-specific FRET probe CFP-DEVD-YFP were generated as reported previously.^[@bib11],\ [@bib46]^ PUMA shRNA vector (NM_014417, Sigma-Aldrich) was transfected by means of lipofectamine-LTX and stable clones were selected by maintaining in 3 *μ*g/ml of puromycin (Invitrogen). HeLa cells were stably transfected with expression vector for redox sensitive GFP targeted at mitochondria (roGFP-Mito) as described.^[@bib36]^

Transfection of siRNA
---------------------

HeLa and MCF7 cells were transfected with GRP78 siRNA, Ero1*α* siRNA, CHOP siRNA or scrambled siRNA (Santa Cruz Biotechnology) according to manufacturer\'s protocol with recommended transfection reagent. The cells were replenished with fresh complete medium (DMEM containing 20% FBS) after 8 h.

Cell death and functional assays
--------------------------------

Western blot, clonogenicity assay and flow cytometry analyses for annexin binding, cell cycle status and caspase activation in FRET probe-expressing cells were carried out as explained previously.^[@bib11],\ [@bib47],\ [@bib48]^ For analysis of oxidation status of redox sensitive GFP, HeLa cells stably expressing the probe were treated with PAC-1 at 50 *μ*M. After 12 h, cells were trypsinized and analyzed by FACS at 405 and 488 nm laser lines, using 535/40 emission filter in ratio mode. DTT was used as a reducing agent to validate the functionality of the probe as described.^[@bib36]^

Analysis of XBP1 mRNA splicing by RT-PCR
----------------------------------------

RNA was isolated from cells using Trizol (Invitrogen) and 2 *μ*g each of RNA was used for cDNA synthesis using MMLV-reverse transcriptase (Promega, Madison, WI, USA). Expression analysis of XBP1 mRNA splicing was performed after normalizing with endogenous control, *β*-actin. The amplicons were resolved using 3% agarose gel. Primer sequences are mentioned in [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Analysis of ER Ca^2+^ release by fluorescent microscopic time-lapse imaging
---------------------------------------------------------------------------

Time-lapse imaging was carried out in a live-cell incubation chamber (Tokai Hit, Fujinomiya-shi Shizuoka-ken, Japan) that maintains optimum CO~2~, temperature and humidity, using motorized inverted fluorescence microscope Nikon Eclipse TE2000-E (Nikon Instruments Inc., Melville, NY, USA) equipped with a CARV II Confocal-imager (BD Biosciences). Images were captured using EMCCD camera Andor iXON 885 (Andor Technology Plc., Belfast, BT12 7AL, UK) and IPLab software (BD Biosciences) at regular intervals. To minimize photo-bleaching, the intensity of light was reduced to 1--4% by intensity control. Mean intensity of fluorescent cell was measured after ROI selection and background subtraction using IPLab software. For cameleon ratio-imaging, cells expressing the probes were maintained in chambered cover glass and imaged for 30 min after addition of drugs at an interval of 200 ms. CFP was excited with 438±12 nm band-pass filter and dual emission was collected at 480±15 nm and 542±27 nm band-pass filter in ratio mode. Analysis of FRET-ratio was done by NIS-Elements software (Nikon Instruments Inc.).

Analysis of MAM by fluorescent microscopy and confocal imaging
--------------------------------------------------------------

Cells stably expressing DsRed targeted at the mitochondria (Mito DsRed) and EGFP targeted at ER (ER-EGFP) (Clontech Laboratories Inc., Mountain View, CA, USA) were used for visualizing MAM by high magnification imaging. For imaging by fluorescent microcopy, cells were grown on glass bottom chambered cover glass and imaging was carried out with Nikon Eclipse TiE microscope (Nikon Instruments Inc.) using × 60 1.4 NA objective. For confocal imaging, cells were seeded on glass bottom plates and imaged using × 63 1.4 NA objective. Confocal imaging was carried out using A1R Laser Scanning microscope (Nikon Instruments Inc.).

Redox sensitive GFP imaging
---------------------------

For imaging of redox sensitive GFP, cells were maintained in chambered cover glass and imaged under epifluorescent microscope using Xenon as the exciation light source (Lamda XL; Sutter Instrument Company, Novato, CA, USA). The emission wavelenght 535/30 nm was collected at dual excitation using filter set 405/20~X~ and 490/20~X~ in sequential mode. Images were captured using CCD camera (Cool Snap HQ; Photometrics, Tucson, AZ, USA). The ratio images were generated by dividing 405 nm channel by 490 nm channel on a pixel by pixel basis using NIS element software.

Immoratalized MEF wild-type and Bax/Bak DKO cells were kindly provided by Dr. Stanely J Korsemeyer (Harvard Medical School, Boston, MA). MEF WT and its Apaf-1 KO counterpart cells were provided by Dr. Tak W. Mak (Ontario Cancer Institute, Canada). HCT116 WT and its p53 KO cells were provided by Dr. Bert Vogelstein (John Hopkins School of Medicine, Baltimore, USA). The expression vector, Bcl-2 targeted at ER with cytochrome b5-targeting sequence (pcDNA3 Bcl-2Cb5-EGFP) was a kind gift by Dr. Clark Distelhorst. Plasmids containing calcium sensor ratiometric FRET probe D1ER cameleon and FRET probe pcDNA3 DEVD (ECFP-DEVD-YFP) were kindly provided by Dr. Roger Y Tsien (HHMIL, University of California, San Diego) and Dr. Gavin Welsh (University of Bristol, UK) respectively. pEGFP-LC3 was a kind gift by Dr. Tamotsu Yoshimori and Dr. Noboru Mizushima, Tokyo Medical and Dental University, Tokyo. RoGFP-Mito was kindly supplied by Dr. S James Remington (University of California San Diego, La Jolla, CA, USA). ER-targeted redox sensitive GFP (pcDNA3.1 roGFP2-iL-KDEL) was provided Dr. Neil J Bulleid (University of Glasgow, Glasgow, UK). This study was supported by grants from the Innovative Young Biotechnologist Award, Department of Biotechnology (DBT), Government of India and Research fellowship from University Grants Commission (UGC) to MS, Indian Council of Medical Research (ICMR) to PKS and KAM and Council of Scientific and Industrial Research (CSIR) to JJ. We thank Mrs Indu Ramachandran and Mr Anurup KG for support in FACS and confocal imaging.
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Ero1*α*

:   endoplasmic reticulum oxidoreductin-1 alpha
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:   green fluorescent protein
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:   knockout
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:   mitochondria-associated ER membrane
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PAC-1 induces G1 arrest, cell death and autophagy irrespective of caspase-3 expression and without signs of DNA damage. (**a**) PAC-1 induced chromatin condensation in multiple cancer cell lines such as HCT116, SiHa, HeLa, SKOV3, ADR-RES, T47D, U2OS, T47D and caspase-3-deficient MCF7 cells. The percentages of condensed nuclei are represented graphically (*n*=3, mean±S.D.). (**b**) Western blot showing the expression of stably transfected procaspase-3 in MCF7 cells lacking caspase-3. (**c**) FACS analysis of apoptosis in MCF7 and MCF7C3 by annexin V staining after PAC-1 (75 *μ*M, 24 h) treatment. (**d**) PAC-1 (75 *μ*M, 12 h) arrested MCF7, MCF7C3, SiHa and HeLa cells in G~1~ phase of cell cycle before inducing apoptosis. (**e**) Immunofluorescence staining using H2AX antibody in HeLa cells showed that PAC-1 (100 *μ*M, 24 h) did not induce any DNA damage. Cisplatin was used as positive control, which induced DNA damage, evident from the enhanced red fluorescence observed than untreated cells. (**f**) Immunofluorescence detection of LC3 suggested that PAC-1 induced massive autophagic granularization of LC3 in both MCF7 and MCF7C3 cells. (**g**) PAC-1-induced enhanced expression of LC3-II protein was detected by western blot in both MCF7 and MCF7C3 cells. *β*-Actin was used as loading control. (**h**) Addition of autophagy inhibitor 3-methyladenine (3-MA; 5 mM) along with PAC-1 could not inhibit cell death. Cell death was analyzed by PI staining using FACS and percentage of PI-positive cells are represented graphically for both MCF7 and MCF7C3 cells (*n*=3, mean±S.D.)
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![PAC-1 induces UPR and ER stress in multiple cell types including apoptotic defective cell lines. (**a**) Western blot demonstrates that PAC-1 did not alter the expression of proteins XIAP, Bak, Bak, Bcl-2, Hsp27, Hsp70 and Hsp90 significantly but it could induce significant upregulation of ER stress marker GRP78 and GRP94 proteins in both MCF7 and MCF7C3 cells. *β*-Actin was used as loading control. (**b**) PAC-1 induced expression of several UPR indicator proteins such as CHOP, IRE1*α*, Ero1*α* and p-eIF2*α* both in MCF7 and MCF7C3 cells. *β*-Actin was used as loading control. (**c**) PAC-1 treatment upregulated ER stress marker protein GRP78 in multiple cancer cell lines such as MCF7, HCT116, U2OS, SKOV3, SiHa and HeLa. *β*-Actin was used as loading control. (**d**) Splicing of XBP1 mRNA was observed by RT-PCR in multiple cancer cells such as MCF7, HCT116, SiHa and Hela after PAC-1 treatment. Thapsigargin was used as positive control. (**e**) Cell death was analyzed by annexin V binding and PI staining in MEF WT and Bax/Bak DKO cells using FACS. The percentages of PI and annexin-positive cells are mentioned in Q2 quadrant representing apoptotic cells. Western blot and RT-PCR results suggest that PAC-1 induced upregulation of GRP78 as well as splicing of XBP1 mRNA in both MEF WT and DKO cells. *β*-Actin was used as loading control. (**f**) Cell death was analyzed by PI staining in MEF WT and MEF Apaf-1 KO cells using FACS after PAC-1 (50 *μ*M) treatment. There was negligible cell death in Apaf-1 KO cells than its WT counterpart. The percentage of PI-positive cells is represented in P2 gate. Furthermore, western blot and RT-PCR results suggest that PAC-1 induced splicing of XBP1 mRNA and upregulation of GRP78 efficiently in WT as well as Apaf-1 KO cells even though cell death was absent in Apaf-1 KO cells](cddis2013502f2){#fig2}

![GRP78-silencing enhances, whereas translational inhibitor cycloheximide reduces cell death mediated by PAC-1. (**a** and **b**) MCF7 and HeLa cells were transfected with siGRP78. Silencing of GRP78 was confirmed in blot. Cell death was analyzed by PI staining using FACS after silencing GRP78. The comparison and percentage of PI-positive cells are represented graphically (*n*=3, mean±S.D.). (**c**) ER stress was inhibited by using cycloheximide (CHX; 2 *μ*g/ml) along with PAC-1, and caspase activity was evaluated using FACS by employing caspase-3 and -7 specific FRET probe, CFP-DEVD-YFP, stably transfected in HeLa and MCF7 cells. Cleavage of DEVD sequence by activated caspases will cause FRET loss which is reflected as enhancement of CFP/YFP ratio. As shown in the gates (FRET lost-population), cycloheximide reduced percentage of cells with FRET loss, suggesting that ER stress inhibition reduces caspase activation induced by PAC-1. (**d**) Cell death was analyzed by PI staining using FACS in MCF7 and HCT116 after PAC-1 treatment in the presence and absence of cycloheximide. The percentage of PI-positive cells is indicated in respective histograms, suggesting that cycloheximide inhibited cell death induced by PAC-1. (**e**) Cell survival was analyzed by clonogenicity assay in PAC-1-treated MCF7 and HCT116 cells, with and without cycloheximide. As noted in images, translational inhibitor cycloheximide rescued cells from PAC-1-induced cell death when used along with PAC-1. Absorbance was measured for the solubilized stain and relative percentage of clonogenicity is represented in graph (*n*=3, mean±S.D.)](cddis2013502f3){#fig3}

![p53-independent PUMA upregulation by PAC-1 promotes mitochondria-mediated apoptosis. (**a**) Western blot analysis indicated that p53 was upregulated in multiple cancer cells upon PAC-1 treatment. (**b**) PAC-1 induced significant nuclear condensation in HCT116 and p53 KO HCT116 cells as seen in representative microscopic images and graph (*n*=3, mean±S.D.). Western blot established the knockout status of p53 in HCT116. (**c**) Clonogenic cell survival assay revealed that PAC-1 effectively killed HCT116 p53 KO cells, although slightly lesser than its WT counterpart. Representative images and graph are given (*n*=3, mean ±S.D.). (**d**) PAC-1 induced upregulation of PUMA in multiple cancer cell lines. As seen in blot, PUMA is upregulated even in the absence of p53 (HCT116 p53 KO). Bim and Bik were also upregulated in SiHa cells but not in MCF7 and HCT116 cells, suggesting cell specificity of the response. (**e**) A representative western blot indicating silencing of PUMA in MCF7 cyt. *c*-EGFP cells. (**f**) Cell death was analyzed by PI staining using FACS in MCF7 cyt. *c*-EGFP cells as well as PUMA-silenced MCF7 cyt. *c*-EGFP cells. As noticed, silencing of PUMA inhibited PAC-1-induced cell death significantly. The percentages of PI-positive cells are mentioned. (**g**) Silencing of PUMA inhibited cyt. *c* release from the mitochondria and nuclear condensation in MCF7 cyt. *c*-EGFP cells upon PAC-1 treatment. The representative fluorescent microscopic images are shown (scale bar: 50 *μ*m). The diffuse pattern of EGFP in cells represents release of cyt. *c* from the mitochondria](cddis2013502f4){#fig4}

![Ero1*α* mediates calcium flux from ER to the mitochondria through engagement of MAM. (**a**) HeLa cells stably expressing ER-targeted ratiometric FRET probe (D1ER chameleon) was used to monitor release of ER calcium. CFP/YFP ratio was measured from images and represented graphically (*n*=3). The ratio images of cells before PAC-1 treatment and 2 h after PAC-1 treatment are shown along with ratio scale. (**b**) HeLa D1ER cells were transfected with either scrambled siRNA or siRNA against human Ero1*α* or CHOP as described. The cells were treated with PAC-1 for 24 h and whole-cell extract was used for western blot using Ero1*α* or CHOP antibody. *β*-Actin served as loading control. (**c**) HeLa D1ER cells 24 h after transfections with siEro1*α* or siCHOP were treated with PAC-1 and imaged for calcium release as described. The average CFP/YFP ratio was measured from images and represented graphically (*n*=3). (**d**) Cells transfected with siSC (scrambled) or siEro1*α* or siCHOP were treated with PAC-1 for 24 h. Cell death was quantified after staining the cells using Hoechst to visualize chromatin condensation. (**e**) HeLa, U2OS, SW480, p53 knockout HCT116 cells and MEF Bax/Bak DKO cells were treated with PAC-1 for indicated time periods. The whole-cell extract was prepared and used for western blotting using antibody against Ero1*α*. Induction of Bim exhibited by MEF Bax/Bak DKO cells is also shown. *β*-Actin served as loading control. (**f**) HeLa cells expressing EGFP targeted at ER and DsRed targeted at mitochondria were treated with PAC-1 for 12 h. Representative confocal images of mitochondria and ER of treated and untreated cells are shown](cddis2013502f5){#fig5}

![ER hyper-oxidation, mitochondrial calcium uptake and mitochondrial ROS generation contributes to cell death by PAC-1. (**a**) HeLa and MEF DKO cells were treated with 50 or 100 *μ*M of PAC-1 for 24 h. The cells were stained with mitochondrial calcium indicator Rhod-2 as described. Rhod-2 fluorescence analyzed by FACS is shown as histograms. (**b**) HeLa and MEF DKO cells were either pretreated with 0.05% DMSO or mitochondrial calcium uptake inhibitor, Ru360 (25 *μ*M) or cell-permeant calcium chelator, BAPTA-AM (50 *μ*M) followed by PAC-1 treatment for 24 h. Cell death was quantified by chromatin condensation assay as described (*n*=3, mean±S.D.). (**c**) HeLa cells stably expressing mitochondria-targeted roGFP were developed as described. Microscopic image of mitochondrial localization of the probe is shown at × 100 magnification. The emission at 535/30 nm was collected at dual excitation 405/20~X~ and 490/20~X~ in sequential mode using × 60 objective for both untreated and treated (PAC-1 for 12 h) stable cells. The ratio images were generated by dividing 405 nm channel by 490 nm channel on a pixel by pixel basis. The ratio scale is also shown. (**d**) HeLa cells stably expressing ER-targeted roGFP, roGFP2-iL-KDEL was developed as described. Microscopic image of ER-targeted probe is shown at × 100 magnification. Ratio imaging was carried out as earlier using × 100 objectives. The ratio images were generated by dividing 405 nm channel by 490 nm channel on a pixel by pixel basis. The ratio scale is also shown](cddis2013502f6){#fig6}
